Abstract
The selectivity of Watson-Crick base pairing has allowed the design of DNA-based functional materials bearing an unprecedented level of accuracy. Examples include DNA origami, made of tiles assembling into arbitrarily complex shapes, and DNA coated particles featuring rich phase behaviors. Frequently the realization of conceptual DNA-nanotechnology designs has been hampered by the lack of strategies for effectively controlling relaxations. In this article we address the problem of kinetic control on DNA-mediated interactions between Brownian objects. We design a kinetic pathway based on toehold-exchange mechanisms that enables rearrangement of DNA bonds without the need for thermal denaturation, and test it on suspensions DNA-functionalized liposomes, demonstrating tuneability of aggregation rates over more than one order of magnitude. While the possibility to design complex phase behaviors using DNA as a glue is already well recognized, our results demonstrate control also over the kinetics of such systems.
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2,3
In systems of DNA "bricks" this extreme selectivity makes it possible to design arbitrarily complex aggregates that self-assemble from short DNA strands with an unprecedented level of accuracy.
4,5
The impact on engineering composite materials has been just as significant, with DNA-mediated interactions [6] [7] [8] being used to design complex phase behaviors in DNA-coated-colloid (DNACC) systems, [9] [10] [11] [12] to engineer ultra-sensitive detectors 13, 14 and microscopic walkers, 15, 16 or to create new biomimetic structures like DNA functionalized liposomes [17] [18] [19] [20] or artificial pores.
21
These systems are striking examples of the potentialities offered by DNA to program bottom-up fabrication of functional materials. So far, the use of tethered DNA to program colloidal self-assembly has focused on exploiting loidal units. We test our strategy on DNAfunctionalized synthetic phospholipid vesicles (liposomes), often used to engineer responsive 19 and biochemically active 34 tissue-like materials, and in gene-delivery applications.
14 As demonstrated in Fig. 1 , in our system liposome aggregation is hindered by a self-protected scheme, 35 in which the formation of intra-particle loops is kinetically favored over inter-particle bridges. The rate of loop opening and bridge formation limits the equilibration (Fig. 1a) and is controlled by TEM 30 in which a transient threestrand state acts as a kinetic shortcut between inter-and intra-particle bonds (see Fig. 1b, c) . We show that the efficiency of the bond swapping depends on ligand stoichiometry, enabling aggregation-rate control over one order of magnitude. In our scheme invading strands are tethered to colloidal units (liposomes) and directly involved in bond formation, which eliminates the need for free linkers and enables bond-switching in one go. In contrast with existing strategies, our system allows to control the aggregation kinetics of the suspension almost independently from its equilibrium properties by tuning the relative stoichiometric concentrations of binders. This will result in a useful and generally applicable tool when designing bottom-up self-assembly.
Results and Discussion
In Fig. 1 we describe the system in more detail. We prepare Large Unilamellar lipid Vesicles (LUVs), ≈ 0.4 µm in diameter, functionalized by four types of DNA linkers: A 1 , A 2 , B, and I. Constructs A 1 , A 2 , and B are tipped by reactive sticky-end sequences, and feature a double-stranded (ds) DNA spacer tethered to the membrane by a double hydrophobic anchor. The latter includes a cholesterol and a cholesteryl molecule, and is irreversibly inserted within the fluid membrane, 36 while enabling free lateral diffusion a rate of a few µm 2 s −1 .
37
Inert dsDNA strands I (Fig. 1b) 
30
In particular sticky-end B is composed of three domains a, b, and c. Domain b can bind both A 1 and A 2 , while a and c (toeholding domains) exclusively bind A 2 and A 1 , respectively. Because A 1 and A 2 can simultaneously bind B, the designed sequences catalyze the reaction
through the formation of A 1 A 2 B complexes.
The reaction in Eq. 1 drives the exchange of unbound tethers with those involved in stable bonds, mediating a swap between two different loops, two different bridges, and in particular between loops and bridges. The latter process significantly speeds up inter-particle bond formation and thereby aggregation rate (Fig. 1c) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 2b summarizes the dependence of τ on T Q and R, highlighting the strikingly different aggregation kinetics experienced at low T Q by samples in which bridge formation is aided by TEM (1/4 ≤ R ≤ 3/4), and those where TEM is inactive (R = 0, 1). Images in the inset demonstrate the kinetic advantage of TEM samples at lower temperatures, hard to access with our microscopy setup. In particular, after incubating the samples for 2 days at 4
• C, aggregation and sedimentation are observed almost only for 1/4 ≤ R ≤ 3/4. Aggregation times measured at high temperature (e.g T Q = 35
• C) display a monotonic dependence on R, with samples featuring an excess of A 2 tethers aggregating faster than samples with more A 1 . The asymmetry has a thermodynamic origin, as demonstrated in Fig. 2c where we highlight the correlation between the aggregates' melting temperature T m , R, and τ , for T Q = 35
• C. The melting temperature of the aggregates is measured as the inflection point in q 1 (T ) curves, collected upon slow heating of aggregated samples (Fig. 2d) . Fig. 2c indicates that A 1 B bonds are more stable than A 2 B ones. Indeed, samples with large R (i.e. [A 1 ]>[A 2 ]) display higher T m caused by more stable bridges, and larger τ caused by slowly opening loops. The observed A 1 − A 2 asymmetry is not reflected by the hybridization free-energies calculated accordingly to conventional nearest-neighbor thermodynamic rules, 38, [44] [45] [46] as detailed in the SI section S1.1. We argue that the experimental asymmetry arises from the recently reported inert-tail contributions to the hybridization free energy, ascribed to non-specific Coulomb interactions 1 . These particularly affect the A 2 B construct, where two tails, the dangling domain c of sticky-end B and the dsDNA spacer of A 2 emanate both from the same side of the hybridized duplex, as highlighted in Fig. 1c  (red circle) . A similar arrangement has been shown to shift melting temperatures down by as much as 7
• C. A geometry in which inert tails emanate from opposite sides of the duplex, as in A 1 B bonds (Fig. 1c, green circle) has a smaller destabilising effect.
1
To test this hypothesis we measure the hybridization free energy of Table S1 . Measurements carried out on the sticky-ends shown in Fig. 1b , including or not the dangling "A" base, reveal only a minor difference between ∆G 0 A 1 B and ∆G 0 A 2 B that is insufficient to explain the trend in Fig. 2c . Fig. S1 and Fig. S2) . Consistently, the free energy shift is much smaller in A 1 B where only one tail emanates from each side of the duplex. Remarkably, in samples capable of TEM, the observed thermodynamic asymmetry between A 1 -rich and A 2 -rich samples does not affect aggregation kinetics at low temperatures: for T Q = 15
• C, samples with 1/4 ≤ R ≤ 3/4 exhibit nearly identical aggregation times (Fig. 2b) . This indicates that at low temperature relaxation kinetics is fully controlled by TEM-mediated bond swaps while the rate thermal loop opening, affected by the asymmetry, becomes comparatively negligible. This evidence confirms the possibility of controlling kinetics independently from equilibrium thermodynamic properties.
We now demonstrate the correlation between experimental aggregation kinetics (Fig. 2) , and the typical time in which a population of loops relaxes to form bridges (Fig. 1c) , as calculated using a microscopic model. This will further confirm that the aggregation time is indeed limited by the thermal breakup of loops unless TEM is used. A complete derivation of the model is provided in the SI, Sec. 1 and 2. Figure 3a describes the possible complexes formed by the tethers, which include two types of bridges and loops (ℓ 1/2 and b 1/2 engaging A 1 or A 2 respectively) and four types of threestrand complexes: t B , t 1 , t 2 , and t 3 . The latter is a complex made by two loops (ℓ 1 and ℓ 2 ) sharing the same B strand, while t B , t 1 , and t 2 are complexes in which B, A 1 , or A 2 tethers respectively bind a complementary loop on an 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  592  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
, as proposed by Zhang and Winfree. 30 This estimate has been recently questioned by Srinivas et al., 50 therefore in Fig. 4c we report results obtained with k b = 0.1s
As expected a reduction k b results in slower equilibration in TEM samples. The experimental difference between the binding strength of A 1 B and A 2 B duplexes, as mentioned above caused by inert-tail effects, is not captured by state-of-art thermodynamic models. In view of the absence of an exhaustive parametrization of inert-tail effects, we calculate the hybridization free energies for our theoretical model using conventional nearest-neighbor rules.
38,44-46
In doing so we neglect the attractive effect of dangling bases, expectedly over-compensated by repulsive tail effects. recently questioned the occurrence of coaxial stacking at the nick-site during the branch migration process, thus we do not include stacking terms in the estimate of ∆G A 1 A 2 B . A comprehensive discussion on free energy estimates produced by different models and parameterizations, including an assessment of the effects dangling terms and coaxial stacking, is presented in the SI, section S1.1 and Fig. S3. Finally, we discuss possible design variations and constraint in our interaction scheme. Strand displacement rates increase exponentially with toehold length (or binding strength), saturating when the overhangs reach ∼ 6 bases.
30
Our choice of adopting 4-base toeholds is motivated by the need of limiting the fraction of three-strand complexes, which would increase if a and c domains were extended. A small fraction of three-strand complexes is required to guarantee that the equilibrium free energy of the system is weakly dependent on R, as changing the A 1 to A 2 ratio necessarily affects the concentration of A 1 A 2 B complexes. Moreover, a large enough number of inter-vesicle three-strand complexes could in principle induce vesicle aggregation without the need of forming bridges. Although with the current deign these scenarios are ruled out by theoretical analysis and control experiments (see SI section S3), we argue that longer toeholds may not be suitable (see Fig. S5 ).
Conclusions
In this article we propose a new mechanism to control the kinetics of DNA mediated interactions. This is tested on liposomes that are functionalized with three different types of DNA thethers, two of which (A 1 and A 2 ) compete to bind the third (B). Upon rapid cooling intra-vesicle loops saturate all the available B tethers, slowing down aggregation. The formation of inter-vesicle bridges is catalyzed by a toeholding exchange mechanism involving a three-strand complexes A 1 A 2 B.
28,30
Experiments demonstrate that aggregation kinetics can be controlled over one order of magnitude by changing the relative stoichiometric concentration of A 1 and A 2 . A new theoretical framework for the description of strandexchange mechanism of tethered binders confirms the role played by the three-strand reactions in mediating bridge formation. The proposed mechanism is general and can readily find application in other systems that use DNA as a glue to direct interactions. Although we did not test our scheme for the case of binders with fixed anchoring points, we argue that the lateral diffusivity of the DNA on the lipid membrane may be key to facilitate three-strand reactions. Nonetheless, recently introduced functionalization procedures enabling a large increase in binders surface density on solid particles 26 will certainly be useful when applying the mechanism proposed here.
Experimental Methods
Large unilamellar vesicles of DOPC (Avanti Polar Lipids) are produced by extrusion in 300mM sucrose solution (Sigma-Aldrich) using a hand-driven mini-extruder (Avanti Polar Lipids) with a polycarbonate track-etched membrane (400 nm pores, Whatman). . Strands (i), (iii), (j), and (jj) are purchased from Integrated DNA Technologies, strand (ii) is purchased from Eurgentec. Since active constructs are composed of three ssDNA units, a nick is present in the resulting dsDNA spacer. Samples are prepared by mixing 10 µl extruded vesicle solution with 90 µl iso-osomolar solution containing 87 mM glucose (Sigma-Aldrich), 100mM NaCl (Sigma-Aldrich), TE buffer (Tris-EDTA, Sigma-Aldrich) and DNA constructs. In all samples the final bulk DNA concentration is 320 nM for B, 640 nM for A 1 +A 2 , and 800 nM for I constructs. Samples are injected into flat borosilicate glass capillaries (4×0.1 mm 2 internal section, CM Scientific), protected on both ends with a droplet mineral oil (SigmaAldrich) and permanently sealed with epoxy glue (Araldite). Aggregation experiments are carried out on a fully automated Nikon Eclipse Ti-E inverted microscope using a Nikon PLAN APO 20× 0.75 N.A. dry objective and a IIDC Point Grey Research Grasshopper-3 GS3-U3-23S6M-C camera. Five sample capillaries corresponding to the coating sotchiometries shown in Fig. 2b are lined up on a copper plate connected to a tailor-made Peltier stage that enables programmable temperature cycling. The microscope is equipped with a Perfect Focusing System (Nikon) to correct for vertical thermal drift. Samples are incubated at 60
• C for 50 minutes to enable homogenization, then quenched to T Q and imaged to track aggregation. Using a programmable motorised stage we loop over all the samples. Fourier analysis of the epifluorescence images is carried out as explained in the main text and Refs.
41,42
Normalised first moment q 1 (t)/q 1 (0), shown in Fig. 2a , is fitted with the empirical function
where the parameter σ has been fixed to 0.77, τ is the aggregation half-time, and α is the plateau value reached at t → ∞.
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